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MAGNETIC ORDER AND SPIN FLUCTUATIONS IN OXIDE SUPERCONDUCTORS
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Invited paper

A brief review is given of both the rare earth (&) and Cu magnetism in the #Ba,Cu,O,, ,, ®Ba,Cu,O,, (La-Sr),Cu0O,
and (Nd-Ce),CuO, systems. The Cu magnetism is dominated by the strong in-plane exchange interactions, which give rise
to two-dimensional magnetic behavior in both the antiferromagnetically ordered insulating phase as well as in the
superconducting state. The rare earth ions, on the other hand, order at low temperatures irrespective of the presence or
absence of superconductivity. In the 1-2-3 and 2-4-8 materials, 2-d behavior is observed, while in the (Nd-Ce),CuQ, system
there is a substantial magnetic interaction between the Nd and Cu sublattices.

1. Introduction

The superconducting oxides exhibit a rich variety of
cooperative phenomena, including metal—-insulator
transitions, antiferromagnetism, and of course super-
conductivity. From the standpoint of superconductivi-
ty the central issue is to identify the nature of the
superconducting state. One aspect concerns the basic
character of the superconducting state itself, that is,
whether it develops in the usual BCS way as a result of
an instability of the Fermi liquid, or perhaps entails a
different mechanism such as RVB. The second basic
question involves the identification of the interaction
which is responsible for the electron pairing. The
magnetic properties of these oxide materials have
been of particular interest since the discovery that the
Cu ions carry an unpaired spin, with the consequent
possibility that the magnetic fluctuations may be re-
sponsible for the superconductivity.

A second aspect concerns the magnetism of the rare
earths. Some of the very first data on the
RBa,Cu,Of, (R =rare earth) compounds showed
that substitution of the trivalent rare earths had little
effect on the superconducting properties [1], and this
has also been found to be the case for the #Ba,Cu,O,
system [2]. Hence the rare earth sublattice is electroni-
cally isolated from the superconducting (Cu-O) sub-
lattices, leading to magnetic ordering of the rare earth
ions at very low temperatures (<2 K) just like conven-
tional ‘“‘magnetic-superconductor” systems [3]. The
tetravalent rare earths (Ce, Pr, Tb), on the other
hand, are more strongly coupled to the rest of the
electronic system. The superconducting transition tem-
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perature is found to decrease strongly with increasing
substitution of these elements [4], and the magnetic
ordering temperatures are much higher than for the
trivalent rare earths [5].

Here we will very briefly review some of the high-
lights of the magnetic properties of these systems, as
discussed in the High-7_ Superconductivity Ex-
perimental Panel. A more complete review of the
properties of the oxide superconductors, with exten-
sive references to the literature, can be found in ref.

(6].

2. Cu magnetism

The first evidence for magnetic ordering of the Cu
ions in these systems was obtained for La,_ Sr .CuO,
by susceptibility [7], neutron scattering [8], and muon
precession [9] experiments, followed by measurements
on the #Ba,Cu,0,, , system [10], and more recently,
the (Nd,_, Ce ),CuO, system [11]. The overall be-
havior of the magnetic and superconducting properties
as a function of x are quite similar, and the basic phase
diagram for the ®Ba,Cu,O,, , system is shown in fig.
1. At small x the Cu spins order antiferromagnetically
in the semiconducting phase, with Néel temperatures
Ty as high as 500K. This is a very high ordering
temperature for an insulating magnet. Moreover,
above the 3-d ordering temperature very strong spin
correlations persist within the Cu—O planes, with a
magnetic energy scale which is an order of magnitude
larger than T, would indicate [12]. The existence of
these large magnetic energies has fueled speculation
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Fig. 1. Schematic phase diagram for ®Ba,Cu,O,, as a
function of oxygen concentration x on the “chain” sites. The
paramagnetic (P) and antiferromagnetic (AF) phases are
shown, as well as an antiferromagnetic phase found at lower
temperatures (AF,), where the spins on the Cu chains order.

that this is the energy scale needed for the high
superconducting transition temperatures 7. This pos-
sibility has been further supported by the observations
that the magnetic fluctuations survive into the super-
conducting phase which is found at higher x {12, 13].
and also by the discovery that the temperature depen-
dence of these fluctuations is directly affected by the
superconducting transition [13]. However, the ques-
tion of the origin of the superconductivity has by no
means been settled yet. Nevertheless, even if magnet-
ism is not the origin of the superconductivity in these
high-7, materials, it is quite clear that the Cu-O
layers are intimately involved in both the magnetism
and superconductivity, and the striking magnetic be-
havior these materials display is of fundamental inter-
est in its own right.

In all of these systems, for both the Cu magnetic
order as well as the rare earth magnetic order, the spin
structures are relatively simple commensurate anti-
ferromagnetic configurations. By commensurate we
mean that the magnetic unit cell is a simple integer
multiple of the chemical unit cell: most often the
magnetic unit cell is just twice the size of the chemical
unit cell to accommodate the antiparallel arrangement
of spins in the antiferromagnetic structure. However,
there is the complication that some of the structures
are noncollinear, by which we mean that the spins do
not necessarily point along the same crystallographic
direction. The basic magnetic structures for the Cu
ordering are shown in fig. 2 for La,CuO, [8] and
Nd,CuO, [11], and fig. 3 for the ®Ba,Cu,O,,  system
[10].

The observed spin structure for La,CuO, (left side
of fig. 2) consists of ferromagnetic sheets of spins in
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Fig. 2. Copper spin structures for (left) La,CuO, and (right)
Nd,CuO,.

the b-¢ plane, with adjacent sheets arranged antiparal-
lel. Note that here the tetragonal axis is designated as
b. The Néel temperature is ~300K, but the Cu—Cu
exchange interaction within the a-c plane is mediated
by the intervening O ions, and the directional Cu-O
bonding yields an exchange interaction which is much
larger than the exchange interaction between planes,
and much larger than kT, would suggest. It is the
anisotropy of the Cu-O bonding in all these systems
that gives rise to the large energy scale and the 2-d like
behavior for the Cu magnetism.

Fig. 3. On the left is the magnetic spin configuration for the
Cu moments in the high temperature ordered phase (7T, <
T < Ty,)- The large circles represent the copper ions in the
Cu planes, and the smaller circles represent the Cu in the
“chain” layer. In this phase there is no ordered moment in
the chain layer. On the right is shown the spin configuration
in the low T phase when the Cu chains order.
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The basic spin structure for the Cu spins in
Nd,CuO, is shown on the right hand side of fig. 2. It is
very similar to La,CuO, [14]. Initial polarized beam
data [11] suggested that the spins in adjacent layers
were not collinear in this structure, but a collinear
structure with the spin direction initially along the
{110] can also explain the data. The magnetic order-
ing occurs at ~250 K, but there is a delicate balance of
interactions, as a spin reorientation occurs at 75K,
and again at 30 K. These spin reorientations are not
observed in Pr,CuQ, [11]. There are also two mag-
netic phase transitions observed at low temperatures,
with at least one associated with the ordering of the
Nd, and there is a small structural distortion of the
system as well. Thus Nd,CuO, is a very rich material
to investigate.

For the 1-2-3 system there are three copper—oxygen
layers of ions in each chemical unit cell which are
stacked along the c-axis. Two of these layers have
oxygen ions between the Cu ions in both the a and b
crystallographic directions (the Cu-plane layers), and
the oxygens cannot be removed. The third Cu layer
only has O ions along one axis. This is the so-called
chain layer, and the oxygen concentration can be
readily varied in this layer from full occupancy (x = 1)
to full depletion (x = 0). Both the magnetic and super-
conducting properties are a very sensitive function of
the oxygen concentration x in this ‘chain” layer as
shown in fig. 1. In the fully oxygenated case (x =1)
the system is a 90" K superconductor for all the
trivalent rare earth elements . In the magnetic re-
gime (x <0.4) there are two separate transitions to
long range antiferromagnetic order of the Cu spins
which have been observed. The high temperature
transition involves ordering in the Cu-plane layers,
and has a Néel temperature T, which is ~500K at
x =0, and monotonically decreases to zero at x ~0.4.
The spin structure is shown in the left portion of fig. 3,
and we see that nearest neighbor spins both within the
Cu-planes, as well as along the c-axis, are arranged in
a simple antiparallel configuration. The spin direction
lies in the a-b plane. One of the interesting aspects of
this ordering is that T, appears to be very sensitive to
pressure [15].

At lower temperatures the Cu spins in the “chain”
layers have also been observed to order, and the spin
structure is shown on the right side of fig. 3. However,
unlike the high temperature phase just discussed,
where the same spin configuration has been observed
in many different samples independent of oxygen con-
centration, the chain ordering appears to be very
sensitive to the chemical and metallurgical state of the
sample. Hence the phase boundary as a function of

oxygen concentration has not been established, and
indeed it is not even clear if a universal curve is
appropriate. This is an area where considerably more
work needs to be done.

The ordering of the chain ions causes an interesting
problem for the spin system. Within the chain layer
the nearest neighbor spins are again aligned antiparal-
let just like the Cu-plane layers, but as we proceed
along the c-axis the spins in all the layers want to be
aligned antiparallel. If one compares the two struc-
tures in fig. 3, we see that having the chain spins and
the plane spins simultaneously antiparallel along the
c-axis is not possible; hence there must be a competi-
tion between these interactions. Indeed just below the
chain ordering temperature the chain spins point per-
pendicular to the (antiparallel) plane spins, so that the
spin configuration is noncollinear. As the ordered
moment develops on the chains, the plane spins ro-
tate, and as T— 0 a collinear spin structure with the
configuration shown on the right is realized.

In addition to investigations of the magnetic order
of the Cu spins, considerable information has been
obtained about the spin dynamics both by neutron
[12, 16] and Raman [13] scattering. For the La,CuQO,
and YBa,Cu,O, ordered antiferromagnets, the meas-
urements reveal that the exchange interactions within
the Cu-O planes are very much larger than between
the layers, which gives rise to 2-d magnetic behavior,
and an overall energy scale which is much larger than
the ordering temperatures would suggest. More im-
portantly, these strong spin correlations (and the as-
sociated magnetic moments) are also observed in the
La,_,Sr CuO,, YBa,Cu,O,, and Bi,Sr,CaCu,O,
superconducting phases. The correlation range is
found to be much shorter in the superconducting state,
but the amplitude of the magnetic moment is not
diminshed substantially. Recent results on these fluc-
tuations can be found in this conference proceedings
[16]. All of these observations of magnetic fluctations
in the superconducting state have given credence to
models of the superconducting state based on mag-
netic interactions. It is clear that any comprehensive
theory of the oxides must satisfactorily account for
both the magnetic as well as the superconducting
properties.

3. Rare earth magnetism

The majority of the studies of rare earth magnetism
have been carried out on the #Ba,Cu,0,,  materials.
Some of the very first data showed that substitution of
the trivalent rare earths had little effect on the super-
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conducting properties, and hence the 4f electrons are
effectively isolated from the Cu—-O superconducting
layers, as well as from each other. Dipolar interactions
are then very important in these materials, and the
ordering temperatures are tyically a few degrees K or
less just like conventional “‘magnetic-superconductor”
systems [3]. The present oxide superconductors should
be model systems for studying these interactions in
detail.

In the 1-2-3 system there is only one rare earth ion
per chemical unit cell, and with ¢ = b while ¢ = 34, the
interactions are expected to be much stronger in the
a-b plane. The first neutron measurements to be car-
ried out were on ErBa,Cu,0,, and the 2-d nature of
the scattering which was observed [17, 18] was expec-
ted. This anisotropy of the interactions has been re-
cently confirmed on single crystal samples, and in fact
this system appears to be an ideal representation of a
§= 14, 2-d Ising system. Figure 4 shows a measure-
ment of the magnetic order parameter, where the solid
curve is the exact Onsager result [19]. A number of
specific heat studies [20} have also indicated 2-d Ising
behavior in this system, and 2-d behavior has also
been observed in recent neutron scattering meas-
urements [21] on the ®Ba,Cu,O, materials.

ErBaludd,

MAGNETIZATION M {T) /M (O)

Temperature T,/Ty

Fig. 4. Sublattice magnetization versus temperature. The
solid curve is a fit to Onsager’s exact solution for the § = 3,
2-d Ising model.

Fig. 5. On the left is the magnetic structure for the Nd, Gd,
Dy and Pr rare earth ions in ®Ba,Cu,0O,. . On the right is
the magnetic structure for the Er system.

One of the interesting features of 2-d systems is that
they will order three dimensionally even if the interac-
tion in the third direction is very weak [22]. The
magnetic structures which have been observed in these
materials are shown in fig. 5. The ErBa,Cu,0O, struc-
ture (right) corresponds to chains of moments which
are aligned ferromagnetically along the b-axis, while
adjacent chains are aligned antiparallel to form an
overall antiferromagnetic configuration [18]. In some
samples, however, the spins along the c-axis are found
to be parallel rather than antiparallel, forming fer-
romagnetic sheets of spins [23]. The dipole energies
for these two configurations are very similar, and the
specific structure may depend on the metallugical state
of the sample. For the Dy [24], Gd [25], Nd [26], and
Pr [5] systems, on the other hand, a simple anti-
ferromagnetic structure as shown on the left side has
been found. For the Gd system, though, a chain-like
structure similar to the Er system has also been ob-
served [27]. Hence the multiplicity of magnetic struc-
tures may be a common feature of these systems.

The tetravalent rare earths (Ce, Pr, Tb), on the
other hand, are more strongly coupled to the rest of
the electronic system, affecting both the superconduct-
ing behaviour and the magnetism. The Pr material
forms the same orthorhombic structure as
YBa,Cu,0,, but is thought to be strongly mixed
valent, and close to the tetravalent ionic state. The
superconductivity is found to be strongly suppressed as
a function of Pr concentration [4], and superconduc-
tivity is lost for Pr concentrations greater than 60%.
The magnetic structure for the Pr is the same as that
for Dy, Gd, and Nd, but the ordering temperature of
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Fig. 6. Magnetic structure for the Nd in Nd,CuO,.

17 K is much higher than for the trivalent rare earths
[5]. The inelastic neutron spectra show [28] a broad
distribution of scattering similar to other mixed-valent
systems, and the electronic coefficient y obtained from
low temperature specific heat measurements is
~200 mJ/mol K* [5], which is comparable to many
heavy fermion systems. These observations indicate
that the f-electrons in these tetravalent materials are
strongly hybridized, and play an essential role in the
electronic properties.

Finally we turn to measurements of the magnetic
order of Nd in Nd,CuO,. Again the Nd ions are
weakly coupled together, and the ordering tempera-
ture is ~1.5 K [29]. The magnetic structure is shown in
fig. 6, and is a simple commensurate configuration.
However, the data show that the Cu sublattice pro-
duces a strong polarization of the Nd ions, and hence
it is not a good assumption that the Nd and Cu
sublattices are isolated from one another. The Nd
polarization is not present when Ce is substituted and
the system becomes superconducting, since the Cu
sublattice remains magnetically disordered in this case.
The Nd sublattice does still order at low temperatures
and should polarize the Cu sublattice, and it will be
interesting to determine if the superconducting prop-
erties are strongly influenced by this ordering.
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